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 19 
Abstract- Manure management is the primary source of greenhouse gas (GHG) emissions 20 
from pig farming, which in turn accounts for 18% of the total global GHG emissions from the 21 
livestock industry. In this review, GHG emissions (N2O and CH4 emissions in particular) 22 
from individual pig manure (PGM) management practices (European practises in particular) 23 
are systematically analysed and discussed. These manure management practices include 24 
manure storage, land application, solid/liquid separation, anaerobic digestion, composting 25 
and aerobic wastewater treatment. The potential reduction in net GHG emissions by changing 26 
and optimising these techniques is assessed. This review also identifies key research gaps in 27 
the literature including the effect of straw covering of liquid PGM storages, the effect of 28 
solid/liquid separation, and the effect of dry anaerobic digestion on net GHG emissions from 29 
PGM management. In addition to identifying these research gaps, several recommendations 30 
including the need to standardize units used to report GHG emissions, to account for indirect 31 
N2O emissions, and to include a broader research scope by conducting detailed life cycle 32 
assessment are also discussed. Overall, anaerobic digestion and compositing to liquid and 33 
solid fractions are best PGM management practices with respect to their high GHG 34 
mitigation potential. 35 
Keywords: CH4; N2O; storage; anaerobic digestion; composting; separation; land application 36 
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1 Introduction 39 
Pork is the most widely consumed meat in the world [1]. Due to the rapid economic growth 40 
in populous countries such as China and India over the past 20 years, the demand for pork is 41 
expected to increase by up to 40 % by 2050 compared with 2010 levels [2]. The size of the 42 
total global swine herd has doubled since the 1970s[3], and is expected to increase by a 43 
further 25 % by 2030[4]. Meanwhile there is a growing need to reduce greenhouse gas (GHG) 44 
emissions to meet national and international emission targets such as the EU Climate Action 45 
targets, which aim to reduce GHG emissions to 40% of 1990 levels by 2030[5]. Agriculture 46 
contributes about 10 12 % to the total global anthropogenic GHG emissions [6], with 47 
piggerys accounting for 18 % of the total global GHG emissions from the livestock industry 48 
[1]. There is consequently a growing demand for practical technologies which can reduce the 49 
GHG emissions from the agricultural sector. In particular, innovative pig manure (PGM) 50 
management techniques are urgently needed for GHG emission mitigation [7].  51 
1.1 Physical-chemical properties of pig manure 52 
Varying widely in composition, PGM is characterised by high nitrogen and carbon contents 53 
and a variable total solids (TS) content (Table 1). Because pigs are monogastric animals, their 54 
manure generated typically has a higher proportion of biodegradable carbon than that of 55 
ruminant manure e.g. cattle manure [8]. As a result, PGM has a higher potential to generate 56 
CH4 emissions during management. Due to the differences in farming and manure 57 
management practises affecting manure composition, it is necessary to assess the effects of 58 
management techniques on GHG emissions from PGM in particular.   59 
60 
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Table 1 Range of physical-chemical characteristics of liquid PGM reported by a range of 61 
studies and summarised by Xie [9]  62 
1.2 Pig manure management techniques 63 
PGM can be managed in a number of different ways (Figure 1) depending on the pig farming 64 
system employed, as well as site specific environmental requirements. 65 
Figure 1 Illustration of collection and management options for piggery wastes 66 
Managing PGM in liquid form is the most prevalent PGM management method in Europe 67 
and North America. In Europe, liquid PGM is typically collected from pits beneath slatted 68 
floors on which the pigs are housed [10]. The manure contained in these pits is periodically 69 
emptied into long term storage pits or tanks. A similar approach is taken in North America, 70 
however the manure remains beneath the slatted unit[11]. In the EU, regulations are in place 71 
to reduce the impact of land application of manure on water courses and to ensure efficient 72 
nutrient cycling on farms. Such regulations stipulate that manure can only be spread on land 73 
during spring/summer times, typically when drier weather is likely [12]. As such, manure 74 
may be in storage for between 1 and 10 months [11]. Subsequent to storage manure is 75 
typically applied to land to realise its fertilizer value. In some cases manure may undergo 76 
dewatering processes to generate a liquid and solid fraction [13, 14]. Both fractions are 77 
typically then applied to land, however they may also undergo further treatment [15]. In the 78 
case of the solid fraction composting is common, while the liquid fraction may be treated by 79 
various wastewater treatment processes, for instance aerobic wastewater treatment for 80 
removal of nutrients from liquid manure. It should be noted that the use of aerobic 81 
wastewater treatment processes is restricted to farms located in areas where land application 82 
of PGM poses a threat to sensitive waterways.  83 
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Deep litter and open lot systems are also common pig farming techniques[1]. Such systems 84 
are perceived to be an improvement on traditional systems in terms of animal welfare [1]. In 85 
deep litter systems, PGM and bedding materials become mixed. This results in a solid 86 
manure/bedding mixture. This solid mixture is periodically removed from the pig housing 87 
unit and stored in piles prior to land application. These piles are typically housed in sheds. In 88 
some instance the solid piles will be constructed to allow for passive or active composting to 89 
occur during storage. In any case, the ultimate disposal route for this solid mixture is land 90 
application [16]. For open lot systems, solid waste is typically collected in a separate manner 91 
to any liquid runoff from the site. The treatment applied to the resulting liquid fraction is 92 
dependent on site specific conditions, while the solid fractions are typically land applied or 93 
composted [17].  94 
1.3 Pig manure and GHGs 95 
The two main GHGs associated with manure management are CH4 and N2O. Both are potent 96 
GHGs; the global warming potentials of CH4 and N2O are 21 and 310 times higher than that 97 
of CO2, respectively [18]. CO2 emissions from manure management are considered as 98 
biogenetic and are neglected when analysing the overall GHG emissions from manure 99 
management. The Intergovernmental Panel on Climate Change (IPCC) states that CO2 100 
emissions from manure management are assumed to be zero because CO2 photosynthesized 101 
by plants is returned to the atmosphere as respired CO2 [19]. 102 
CH4 is the primary GHG of concern when manure is stored in anaerobic environments. In 103 
anaerobic environments, the available carbon in the manure is first converted by acidogenic 104 
bacteria to acetate, hydrogen and CO2. These products can then be utilized by methanogenic 105 
archaea to generate CH4 [20].  106 
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N2O is a significant contributor to overall GHG emissions from PGM management [21]. 107 
Ammonium is converted to NO3
- under aerobic conditions and NO2
- undergoes denitrification 108 
during anaerobic conditions. Thus N2O can be generated and emitted in the greatest volume 109 
under anoxic conditions [22]. While highly variable and dependant on a range of site specific 110 
conditions, less than 1 % of the nitrification end products are N2O, while approximately 5% 111 
of denitrification end products are N2O [19, 23].  112 
NH3 emissions are also associated with PGM management and are regularly highlighted in 113 
the literature. Although such emissions can have a significant negative effect on local air and 114 
water quality, NH3 is not a GHG. However, NH3 is an indirect source of N2O emissions as it 115 
can undergo subsequent denitrification. Failure to account for such indirect N2O emissions 116 
can result in the underestimate of net GHG emissions. Prompted by the need to comply with 117 
the EU Nitrates Directive (91/676/EEC), Waterframework Directive (2000/60/EC) and 118 
National Emissions Ceiling (2001/81/EC) several  EU countries (Denmark, Germany, 119 
Sweden and the Netherlands in particular) require pig farms to control NH3 emissions, which 120 
can have both positive and negative effects on N2O emissions (as will be discussed in Section 121 
2.1.3).  122 
2 Manure management techniques and GHG emissions 123 
2.1 Storage of pig manure 124 
To comply with national and regional legislation governing the application of animal manure 125 
to land, PGM storage is generally required prior to land application. The duration of storage 126 
varies considerably in the EU from 3 months in drier countries like Greece to as much as 10 127 
months in wetter countries such as Finland [11].  128 
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The type of GHGs and magnitude of the emissions generated during manure storage are 129 
dependent on duration, storage system used, temperature and PGM composition. As 130 
presented in Table 2, liquid PGM storage tanks are generally found to be in an anaerobic state, 131 
leading to CH4 and NH3 emissions (which results in indirect N2O emissions) and negligible 132 
direct N2O emissions [9, 21, 24]. 133 
Table 2 Review of farm-based studies on CH4 and N2O emissions from PGM during storage 134 
2.1.1 Effects of temperature on GHG emissions from storage 135 
Temperature plays a key role in determining the GHG emission rates from the handling and 136 
storage of liquid and solid PGM. It can also lead to significant differences in reported CH4 137 
emission rates from storage (and indeed land application) of manure[28]. Figure 2 shows the 138 
positive correlation of daily temperature and GHG emissions. CH4 emission rates over a year 139 
generally follow a normal distribution around the maximum annual air temperature [25]. 140 
Maximum monthly CH4 emission can vary by up to 3 orders of magnitude for liquid PGM 141 
and 2 orders of magnitude for solid PGM in temperate countries [25, 28]. Sommer et al. [29] 142 
found that CH4 emissions from stored liquid PGM were 0.02 g C hr
-1 kg VS-1 when stored at 143 
temperatures in the range of 10 °C to 15 °C, while CH4 emissions were approximately 0.1g C 144 
hr-1 kg VS-1 when stored at 20 °C. Petersen et al. [28] reported that the cumulative CH4 145 
emissions from stored PGM in summer were over 100 times larger than those in winter. 146 
Elsgaard et al. [30] mathematically defined the relationship between temperature and CH4 147 
emission rates, and found that CH4 emission rates from cattle manure, PGM and anaerobic 148 
digestate were similarly sensitive to changes in temperatures. It is clear therefore that 149 
understanding the climatic conditions under which GHG emissions from manure storage (or 150 
indeed land application) are measured is crucial when comparing studies. 151 
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Controlling manure storage temperature is a technically feasible, albeit expensive (depending 152 
on climate) control strategy, and it has been shown to reduce GHG emissions by 21 % 153 
compare with uncontrolled manure storage [31].  154 
Figure 2 Daily GHG emissions measured from PGM storage vs daily maximum temperature 155 
[Xie [9], Petersen et al. [28], Sommer et al. [29]] 156 
2.1.2 Liquid manure and solid manure storage 157 
Table 2 illustrates that CH4 emissions from solid manure heaps are similar (in the case of 158 
Loyon et al. [27]) or higher (in the case of Husted [25]) than those from liquid storage. The 159 
higher CH4 emissions from solid storage can be explained by the combined effect of the 160 
higher temperatures found inside solid manure piles (due to heat released from the initial 161 
stages of aerobic decomposition) and the compressed nature of piles resulting in localised 162 
partial anaerobic conditions. Both factors promote N2O and CH4 generation. Hansen et al. [32] 163 
observed that immediately covering piles with airtight material to promote anaerobic 164 
conditions resulted in reductions in CH4 and N2O emissions by 88 % and 99 % respectively. 165 
The reduction in N2O was attributed to the anaerobic conditions preventing nitrification. The 166 
reduction in CH4 was attributed to lower temperatures measured within the covered pile due 167 
to the lack of oxygen within the pile. This study illustrates that covering solid manure piles 168 
can reduce overall GHG emissions significantly, despite the promotion of anaerobic 169 
conditions.  170 
The duration of storage affects GHG emission rates in uncovered piles, with CH4 emission 171 
typically peaking within the first 30 days and N2O emissions peaking between 30 and 60 days 172 
of storage [32].  Therefore, if the storage duration time is minimized, then it is possible to 173 
reduce GHG emission. However, it is difficult to achieve a reduced storage time for 2 reasons;  174 
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1. the mandatory closed period for land application in most jurisdictions and  175 
2. the desire of farmers to have farm yard manure (FMY) well decomposed prior to land 176 
application. 177 
2.1.3 NH3 emission mitigation and its effects on GHG emissions from storage 178 
Unlike N2O and NH3 losses (which can affect the agronomic value of manure through N 179 
losses), CH4 emissions are not of concern at the farm level. Therefore, management 180 
techniques aimed at limiting CH4 emissions are uncommon [11]. However, due to the 181 
negative effects NH3 emissions may have on local and regional air and water quality, 182 
regulations in Europe have been introduced requiring each Member State to limit national 183 
NH3 emissions (National Emissions Ceiling, 2001/81/EC). This has resulted in many pig 184 
farms in Europe employing measures to control NH3 emissions from liquid manure stores 185 
[33]. Covering the stored manure with straw reduces NH3 emissions by creating an aerobic 186 
zone on top of storage areas where nitrification can occur. Table 3 summarizes the effects on 187 
GHG emissions of covering manure stores with straw. In general CH4 and NH3 emissions 188 
decrease, and N2O emissions increase particularly in areas with warm ambient air conditions 189 
[21, 28, 34]. The decrease in CH4 emissions after covering is due to oxidation of CH4 at the 190 
surface of the manure [35, 36], while increased nitrification of NH3 results in increased 191 
emissions of N2O from the nitrification-denitrification cycle.  192 
 193 
194 
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Table 3 Effect of covering liquid PGM with straw on CH4, N2O and NH3 emissions found in 195 
farm-based studies 196 
However, the net effect on GHG emissions remains unclear and is highly dependent on the 197 
temperatures prevailing at the time of storage. The two Danish studies found an overall 198 
increase in GHG emissions due to N2O emissions in summer,  In the Canadian study, Laguee 199 
et al. [26] reported a reduction in total GHG emissions when barley straw was applied (8.65 200 
and 2.98 g CO2 eq day
-1 kg animal mass-1 with no straw and with straw respectively). They 201 
noted a far higher CH4 emission abatement (80%) than the Danish studies, and did not detect 202 
any significant increase in N2O emissions. The warmer winter temperatures in the Danish 203 
studies led to higher CH4 and N2O emission rates, which may explain the lower CH4 204 
abatement rates and higher N2O emissions observed. Petersen et al. [28]suggest that due to 205 
the varying findings in relation to the effect of straw covering, the IPCC guidelines of 206 
assuming a 40% reduction in CH4 emissions when liquid manure stores are covered may be 207 
premature.  208 
Acidification is another method used to control NH3 emissions, allowing it to remain in the 209 
soluble NH4-N form in acidic conditions; it also plays an important role in controlling H2S (a 210 
cause of odour emissions) and CH4 emissions [37, 38]. Stevens et al. [39] observed that NH3 211 
emissions from PGM were reduced by 82 % when concentrated sulphuric acid was added to 212 
liquid manure. Acidifying manure to a point where pH is below 6 has been shown to 213 
effectively reduce CH4 and N2O emissions [40], as at this pH both nitrifying bacteria and 214 
methanogenic archaea would be inhibited. Acidification of manure reduces particle size,  215 
making manure more amenable to subsequent solid/liquid separation [38]. In addition to this, 216 
acidification can reduce GHG emissions from subsequent composting (by reducing NH3 217 
losses) and can boost CH4 yields during anaerobic digestion [41]. However recently Gómez-218 
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Muñoz et al. [42] found that, in a study where PGM was acidified during storage and 219 
subsequently dewatered, acidification increased N2O emissions from the land application of 220 
the  liquid fraction of PGM. 221 
An emission inventory study by Brink et al. [43] found that the use of NH3 control measures 222 
in EU  agriculture would increase N2O emissions by 15 %, while having no effect on CH4 223 
emissions. Despite this, further work is required, in particular to clarify the effects of straw 224 
covering of PGM stores on GHG emissions. 225 
Agitation of liquid manure stores prior to land application is a practise undertaken to ensure 226 
that manure is well mixed and thatsolids remain in suspension during transport and land 227 
application of manures. It is more common in cattle manure management than PGM 228 
management. Agitation is likely to have significant effects on GHG emissions, with the 229 
potential for increases in CH4, N2O and NH3 emissions. VanderZaag et al. [44] found that 230 
agitation of cattle manure did not affect N2O or NH3 emissions but resulted in an increased 231 
release of CH4, as a consequence an increase in GHG emission from storage by 6%. 232 
VanderZaag et al. [35], in a study of cattle manure with straw covers found that spikes in CH4 233 
emissions due to agitation were offset by subsequent decreases in CH4 emissions, however 234 
significant increases in NH3 emissions were observed. The current literature is unclear 235 
regarding the effects of agitation on GHG emissions, and merits some further research, 236 
despite the fact that manure agitation is relatively uncommon during the management of 237 
PGM. 238 
2.2 Land application of pig manure 239 
Land application is generally the final utilization step for PGM. The GHG emissions resulting 240 
from this practise are highly dependent on upstream management techniques. Therefore, 241 
12 
 
understanding the processes which control GHG emission rates during and after manure land 242 
application is crucial in assessing the effects of changes in upstream management techniques.  243 
 244 
2.2.1 Effect of manure carbon and nitrogen contents on GHG emissions 245 
While land spreading of PGM can result in CH4 emissions directly after application, the 246 
presence of highly active methanotrophs in anoxic soils (e.g. wet soils and clay soils) [22] 247 
limits any significant CH4 emissions [21, 45, 46]. Sherlock et al. [47] found CH4 emission 248 
rates of PGM applied to land was 0.08 % of total carbon applied, with the majority (46 %) of 249 
CH4 being released in the initial 6 hours after application. Similarly, Zhong et al. [48] found 250 
that 0.1% of the total carbon in composted solid PGM applied to land was released as CH4.  251 
The low level of CH4 emissions from land application would suggest that minimizing CH4 252 
emissions in upstream processes, which in turn would result in higher concentrations of 253 
available carbon in land applied manure, would not significantly affect CH4 emissions i.e. no 254 
pollution shifting. However, the available carbon content of the manure can have a significant 255 
effect on N2O emissions. If there is a high organic carbon content in the manure, the 256 
microbial soil biomass can rapidly metabolize the carbon, utilizing oxygen in the process and 257 
resulting in localized anoxic conditions [49]. Such conditions promote 258 
nitrification/denitrification, causing an increased N2O emissions [50]. This is an issue 259 
particularly in soils which have low available carbon [22].   260 
The nitrification/denitrification cycle plays a crucial role in converting inorganic N (primarily 261 
NH4-N) in the PGM applied to land to plant-available nitrogen. The use of nitrification 262 
inhibitors (dicyandiamide, 3, 4-dimethylpyrazole phosphate, nitrapyrin, etc.) as a means to 263 
reduce N2O emissions from land applied manure has been extensively studied [21, 51]. 264 
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Nitrification inhibitors are chemical supplements added to manures prior to land spreading to 265 
prevent NH4
+ oxidation to NO3
-, thereby breaking the nitrification/denitrification cycle and 266 
greatly reducing overall N2O emissions. Chadwick et al. [21] and VanderZaag et al. [51] both 267 
highlight that, overall, nitrification inhibitors can effectively reduce N2O emissions from land 268 
application of manures in soil types where aerobic conditions are present  (and, therefore, 269 
N2O emissions likely) by between 70 % and 50 %, with a recent study observing reductions 270 
of up to 88 % [52]. The effects of such inhibitors have been found to be dependent on soil 271 
type and climate [53, 54], with lower efficacy observed in sites where anaerobic conditions 272 
were more prevalent [51]. The use of nitrification inhibitors during land application of 273 
manure remains niche due to the considerable costs and high application rates necessary with 274 
some inhibitors (dicyandiamide and 3, 4-dimethylpyrazole phosphate) as well as health and 275 
safety aspects associated with others (nitrapyrin) [51].  276 
 277 
2.2.2 Manure application method 278 
The methods of manure application can have a significant effect on the magnitude of GHG 279 
emissions from land application. Table 4 summarises the emission rates of N2O when PGM is 280 
applied to land. The table illustrates that direct N2O emission factors for liquid PGM are 281 
typically between 1 % and 5 % of the total N applied to land.  282 
 283 
284 
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Table 4 Experimentally derived N2O emission factors (EF) for liquid PGM  land application 285 
(amended, expanded and updated from Chadwick et al. [21]). 286 
Several recent studies have confirmed that injection resulted in higher N2O emissions than 287 
surface application. According to Velthof and Mosquera [62], direct N2O emissions from 288 
PGM injection (3.6 % of N applied) were significantly higher than the levels found from 289 
surface application (0.9 %). The reason postulated for this difference is that injection 290 
increases the amount of mineral N entering the soil, which is subsequently available for 291 
conversion to N2O. Injection can also result in an increase in the prevalence of anoxic 292 
conditions within the soil. This promotes denitrification, the most significant N2O emission 293 
pathway [21, 22]. Similar results were observed by Velthof et al. [63] and Vallejo et al. [61] 294 
when band spreading was compared with soil injection. However, contrary to this, Lovanh et 295 
al. [66] found that surface application generated higher N2O and CH4 fluxes than row 296 
injection, while Weslien et al. [64], Rodhe et al. [34] and Sommer et al. [67] found that the  297 
application method had no significant effect on N2O emissions. Chadwick et al. [21] and 298 
Montes et al. [22] point out that the variability in reported effects of the land application type 299 
may be linked to the effects of site specific conditions such as weather, soil type, ambient 300 
temperature and changes in manure composition.  301 
Injection or incorporation techniques can reduce NH3 losses due to less direct contact with air. 302 
This would reduce the potential for indirect N2O emissions [21, 66] and preserve the total N 303 
content in PGM. Provided that the applied N loading rates are reduced to account for the 304 
higher levels of N entering soils from injection and incorporation of manures, the use of 305 
injectors and similar application techniques will reduce direct N2O emissions also. Therefore, 306 
injection of manure may result in a net decrease in  GHG emitted from the land application of 307 
PGM  [68]. 308 
15 
 
 309 
2.3 Solid liquid separation/dewatering 310 
It is increasingly common for farmers in Europe to employ solid liquid separation techniques 311 
when managing liquid PGM [69]. As of 2003, the use of separation technologies varied 312 
somewhat across Europe, with Greece (90 % of PGM), Italy (40 % of PGM), and Spain 313 
(10 % of slurries) being the countries where it is the most prevalent [11]. Separation of the 314 
solid and liquid fractions of liquid PGM may allow, in some instances, farmers to reduce the 315 
cost associated with managing PGM. Due to its high nitrogen content, liquid PGM should not 316 
be applied to sites which are approaching 170 kg ha-1 year-1 nitrogen limit imposed by the EU 317 
Nitrates Directives (91/676/EEC). Additionally in areas with a high soil P,  the P content of 318 
unseparated PGM can limit its land spreading [32]. Therefore, farmers may be required to 319 
travel considerable distances to dispose of PGM [70]. This increases the overall cost and 320 
GHG emissions from PGM management [13, 71]. By employing separation the nutrient rich 321 
(particularly P) solid fraction of PGM may be spread further from the farm, on lands which 322 
have a P requirement. The liquid fraction can be spread near the farm, without risk of 323 
breaching P limits. Thus, in some instances, it may reduce costs and potentially GHG 324 
emissions [10] associated with PGM management. Other advantages associated with 325 
employing separation (as a unit process in a PGM treatment train) are making manure more 326 
suitable for subsequent treatment (such as composting or biological wastewater treatment) 327 
and a reduction in odour emissions from the manure handling process. 328 
Table 5 summarises the results of several studies which looked at the effect of solid liquid 329 
separation on GHG emissions from manure storage and land application.  330 
331 
16 
 
Table 5 Summary of the effects of solid/liquid separation on GHG emissions compared with 332 
untreated manure 333 
2.3.1 Effects of solid/liquid separation on GHG emissions during storage 334 
While the GHG emissions from the solid and liquid fractions of PGM are dependent on 335 
storage techniques (and indeed the efficacy of separation), studies have shown that the 336 
storage of solid and liquid fractions of separated manures results in net higher GHG 337 
emissions (between 20 %-100 % higher) than that of unseparated manures [15, 72]. This is 338 
primarily due to N2O emissions from the storage of the concentrated separated solid fraction 339 
of manure being orders of magnitude higher than the N2O emissions from liquid fractions or 340 
unseparated manure. Fangueiro et al. [72] also noted a 37 % decrease in GHG emissions from 341 
the separated liquid fraction relative to the unseparated fraction of PGM, which can be 342 
attributed to the lower concentrations of carbon and nitrogen in the liquid fraction resulting in 343 
lower CH4 and N2O emissions.  344 
 345 
2.3.2 Effects of solid/liquid separation on GHG emissions during land application 346 
Several studies assessed the net impact of separation on subsequent GHG emissions from 347 
land application and found it had no significant overall effect on GHG emissions [73, 74, 76].  348 
This is despite some studies observing greater N2O emissions from the separated liquid 349 
fraction and the lower emissions from the separated solid fraction. A decrease in N2O 350 
emission factors (on a % N applied basis)  has been found when the separated solid fraction 351 
of PGM is land applied relative to unseparated PGM [55, 60], due to a reduction in the 352 
prevalence of anoxic conditions reducing denitrification.   353 
 354 
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There are few studies which assess the overall effect of solid/liquid separation on GHG 355 
emissions from PGM management. Amon et al. [75] assessed the net GHG emission effects 356 
of a range of manure management options. They found that solid/liquid separation of PGM 357 
led to an overall 36.7 % reduction in GHG emissions when compared to untreated/raw 358 
manure (when all samples were stored and land applied in an identical manner). This was due 359 
to reduced N2O emissions observed during the land application of solid PGM. 360 
   361 
2.4 Anaerobic digestion  362 
Anaerobic digestion may mitigate GHG emissions from PGM management. It achieves this 363 
by generating renewable energy which replaces fossil fuels,  by reducing demand for 364 
chemical fertilizers (the production of chemical fertilisers generates significant quantities of 365 
GHGs) and by reducing emissions from subsequent manure handling, storage and land 366 
application [49]. There are several methods by which anaerobic digestion is applied to 367 
manure, as described by Cantrell et al. [77]. The three most common configurations are 368 
complete stirred tank reactors (CSTRs), plug-flow reactors and covered lagoons. Of the three 369 
mentioned, CSTRs are the most complex but generate the highest CH4 yields and VS 370 
destruction, while covered lagoons are the simplest but can suffer from poor CH4 yields and 371 
VS removal rates [77], and consequently higher GHG emissions. Table 6 illustrates that 372 
anaerobic digestion (AD) can significantly reduce GHG emissions from liquid PGM 373 
management. 374 
375 
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Table 6 GHG mitigation potential of anaerobic digestion of liquid PGM via continuously 376 
stirred tank reactor (CSTR) biogas plants 377 
CH4 utilization is the most widely reported factor contributing to the GHG mitigation 378 
potential of AD in PGM management. Kaparaju and Rintala [78] found that employing 379 
anaerobic digestion on pig farms could lead to between 17.35 and 94 kg CO2 eq t
-1 PGM being 380 
mitigated through the use of biogas generated. This study seems to be an outlier. 381 
Prapaspongsa et al. [79], Xie [9] and De Vries et al. [81] all found that the AD of liquid PGM 382 
can result in a mitigation of between 15 and 20 kg CO2 eq t
-1 PGM when biogas utilization and 383 
reduced emissions from manure storage were considered. Maraseni and Maroulis [80] 384 
reported a considerably lower mitigation value of 7.5 kg CO2 eq t
-1 PGM in their study of an 385 
Australian pig farm however this study did not consider the effect the heat generated from the 386 
combustion (via CHP) of the biogas generated would have on GHG emissions.  387 
2.4.1 Digestate storage 388 
GHG emissions from the storage of digestate have been found to be half that of PGM [49]. 389 
This is due to AD systems removing between 40 % to 80 % of the VS in PGM [82]. The 390 
magnitude of GHG emission avoided from AD is greatly dependant on the ambient 391 
temperature (a key factor in determining the GHG emission from manure storage). Table 6 392 
shows an Australian study [80] which calculated that 60-85 % of GHG emission  mitigation 393 
potential was from a reduction in CH4 emissions from storage, which was much higher than 394 
the 39% found in an Finnish study [78]. The higher annual mean temperatures in Australia 395 
results in relatively higher CH4 emissions during storage. For this reason, the overall GHG 396 
emissions from PGM management are reduced to a greater extent than in cooler climates. 397 
Wang et al. [84] illustrated that provided storage temperatures of digestate remained < 15 ºC 398 
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emissions of CH4, NH3 and N2O all remained low, however above this, in addition to CH4 399 
emissions, significant N2O emissions occurred. 400 
2.4.2 Land application of digestate 401 
In general, digestate appears to result in lower N2O emissions (thus overall GHG emissions) 402 
during land application than untreated manures. 403 
The primary mechanism responsible for the decrease in N2O emissions from the land 404 
application of digestate is that the reduced VS content in the manure due to AD can result in a 405 
decreased microbial activity and, therefore, a reduction in both the rate of nitrification and 406 
denitrification [22, 60].  407 
2.4.3 Chemical fertilizer replacement 408 
Due to the mineralization of amino acids, digestate tends to have a higher NH4-N 409 
concentration than that in raw PGM. A review by Möller and Müller [85] on the topic, found 410 
that N availability in digestate is increased by 10-25 % relative to untreated manure. This 411 
results in a more efficient fertilizer, thereby reducing the amount of chemical fertilizer 412 
required by farmers. The specific improvement in N use efficiency between PGM and 413 
digestate determines the amount of chemical fertilizer use avoided. Production of such 414 
chemical fertilizer results in GHG emissions. As illustrated in Table 6, studies have found 415 
that between 9 and 20 kg CO2 eq t
-1 PGM may be avoided through replacement of chemical 416 
fertilisers as a result of AD. 417 
 418 
2.4.4 Fugitive CH4 emissions 419 
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It should be noted that AD systems can result in fugitive CH4 emissions. The IPCC estimates 420 
that approximately 10 % of the total CH4 flow can be lost to the atmosphere [19]. In a study 421 
of a manure-fedAD plant, Flesch et al. [86] found that 3% of the overall CH4 generated is lost 422 
to the atmosphere. While in a survey of a range of German manure-fed AD plants, [Liebetrau 423 
et al. [87]] found the average fugitive emission rate was approximately 6 % of the total flow, 424 
with the majority of these emissions occurring during digestate storage. The high global 425 
warming potential of CH4 means that such leaks can drastically affect the GHG mitigation 426 
potential of AD, and therefore need to be considered.   427 
 428 
2.5 Composting 429 
Composting of PGM has been proposed as a means of treating the solid fraction of separated 430 
PGM. A supplementary carbon rich bulking agent (generally in the form of straw or sawdust) 431 
must be added to the manure prior to composting [89]. Composting is utilized primarily to 432 
reduce the mass and volume of manure, reduce the levels of pathogenic organisms in manure 433 
and to stabilize the volatile fractions of the manure [89]. Composting results in a reduction in 434 
the available C and N content of the manure, thus direct N2O and CH4 emissions [90] are 435 
reduced in subsequent management stages. However, direct N2O and CH4 emissions occur 436 
during the composting process, in addition to significant emission of NH3. Table 7 provides 437 
an overview of the emission rates found from composting of PGM.  438 
Table 7 CH4 and N2O emissions from selected PGM composting studies 439 
2.5.1 Active and passive composting 440 
Composting can be classified into two broad categories. Active composting is where air is 441 
forced through the pile using blowers or periodic mechanical turning (in the case of windrow 442 
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composting) to ensure aerobic conditions prevail. Passive compostingrelies on the 443 
temperature gradient within the pile to cause passive aeration [94]. Active composting 444 
generates stable compost at a faster rate than passive systems [94]. Poorly aerated compost 445 
piles (passive composting for example) generate higher temperatures and may contain anoxic 446 
zones, which both contribute to higher N2O emissions and higher CH4 emissions observed in 447 
passive composting [91].  High NH3 emissions may occur from actively aerated compost 448 
piles [94] and up to 25 % of total N in manure may be lost through NH3 volatilization and 449 
N2O emissions [92].  450 
 451 
2.5.2 Pile management 452 
The composition and management of piles are critical in determining the GHG emissions 453 
from composting. Sommer and Møller [95] studied a range of piles which were comprised of 454 
varying rates of straw addition from deep litter pig management systems. In piles with a 455 
reduced litter density (i.e. higher straw content), no CH4 or N2O emissions were detected. 456 
Such piles typically have larger pore spaces, improving air circulation[90]. However, both 457 
CH4 and N2O emissions were detected in the denser, more anoxic piles. It is, therefore, clear 458 
that reducing the litter density reduces GHG emissions from manure composting. The effect 459 
of litter type has been assessed for such systems. Cabaraux et al. [96] and Nicks et al. [93] 460 
found that the use of straw litter resulted in lower GHG emissions than sawdust litter. This 461 
increase in GHG emissions was attributed to the higher levels of N2O (up to 90 %) emissions 462 
from sawdust use. Jiang et al. [97] found that adding additional bedding significantly reduced 463 
CH4 emissions [97].  464 
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The reduced C and N contents of composted manure results in reduced GHG emissions 465 
during land application [48]. The dry nature of compost promotes aerobic conditions, which 466 
further contributes the lower GHG emissions when composted is land applied (see Section 467 
2.3.2) 468 
 469 
In a study where active and passive aeration of manure (co-composted with wheat straw) was 470 
compared, Thompson et al. [90]  found that passive aeration generated 300 % more GHG 471 
than the liquid storage, while an actively aerated pile generated 30 % less. This indicates that 472 
passively managed piles results in increases in GHG emissions, while active aeration may 473 
result in GHG emission reductions (compared with storage of liquid manure).   474 
It should be noted that none of the studies cited in this section account for the emissions 475 
associated with the growth, harvesting and transport of the wheat straw used as a bulking 476 
agent, and therefore the reductions in GHG observed may be offset when supply chain of the 477 
system is analysed.  478 
 479 
2.6 Aerobic wastewater treatment methods 480 
The aerobic treatment of liquid manure is not a common practise. In some instances aeration 481 
of manure storage pits is undertaken to reduce odour, and to reduce NH3 emissions through 482 
the promotion of nitrification [41]. As mentioned in previous sections, PGM is applied to 483 
agricultural land to provide a nitrogen rich fertilizer. However, in regions where the addition 484 
of nitrogen fertilizer has the potential to cause damage to nearby water courses, this disposal 485 
route may be unavailable locally [10]. This is particularly the case in regions in Europe 486 
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designated as Nitrate Venerable Zones (NVZs) by the EU Nitrates Directive (EC 487 
91/676/EEC)[98]. Aerobic wastewater treatment can reduce the N content of PGM by up to 488 
75 % making it suitable for subsequent land application locally [98]. Typically aerobic 489 
treatment comprises of a two stage anoxic –aerobic process [99]. This allows nitrification and 490 
denitrification to occur, with the NH4-N in PGM ultimately being converted to N2 and, to a 491 
far lesser extent N2O. N2O emissions from aerobic wastewater treatment are as a result of 492 
ammonium oxidizing bacteria (AOBs), nitrite oxidizing bacteria (NOB)s and denitrifiers 493 
[100].    494 
There have been studies assessing the GHG mitigation effects of undertaking aerobic 495 
treatment of piggery waste [27, 98, 101]. Béline et al. [98] found that in comparison to direct 496 
land application, aerobic wastewater treatment reduces NH3 emission from PGM by 30-52 % 497 
and reduces total GHG emissions by 55 %, despite causing an increase in N2O emissions 498 
(1 % of N entering system). Similar N2O emission rates for aerobic treatment were found by 499 
Loyon et al. [27]. Vanotti et al. [101] assessed the GHG mitigation potential of an advanced 500 
piggery wastewater treatment train consisting of separation, aerobic treatment, chemical 501 
flocculation/precipitation, composting (of solid fraction) and disinfection (of liquid fraction) 502 
compared to storage and land application of manure.  The authors found that the advanced 503 
treatment train resulted in a 97 % reduction in GHG emissions, attributed to a 99.6% 504 
reduction in CH4 emissions (which were generated during storage in the baseline scenario) 505 
and a 75.2 % reduction in N2O emissions. However, the authors failed to account for the high, 506 
GHG intensive energy required to operate such as system, or the carbon emissions from the 507 
materials used in its construction.  508 
 509 
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These three studies find that aerobic treatment may reduce overall N2O emissions by 510 
reducing the quantity of N applied to land which would subsequently be emitted as N2O. This 511 
is despite N2O emissions occurring during aerobic wastewater treatment. However, such 512 
treatment systems are expensive and, therefore, will only be employed in areas where direct 513 
land application of PGM is no longer possible. Therefore, it has limited applicability as a 514 
GHG mitigation PGM management technique.  Further to cost, the studies above did not 515 
consider the GHG emissions associated with the infrastructure, electricity and chemical use 516 
necessary in such plants all of which would have a major effect on net reductions in GHG 517 
emissions achieved. 518 
 519 
3 Effective GHG emission reduction methods and future research directions 520 
3.1 Minimizing GHG emissions from pig manure management 521 
Based on this review of the currently available literature, several practises which minimize 522 
GHG emissions from PGM management have been identified. While changes to operation of 523 
common management techniques which can reduce GHG emissions have been highlighted in 524 
Section 2  (such as cooling of manure stores, direct injection of manures during land 525 
application etc.), two key management practises have been identified, one to liquid manure 526 
management, and one to solid manure management, which can be employed specifically to 527 
reduce net GHG emissions during both storage and land application.   528 
 529 
3.1.1 Liquid manure storage and AD 530 
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Compared to a baseline scenario of uncovered storage followed by land application, AD is a 531 
technique which would reduce GHG emissions from liquid PGM management. As discussed 532 
in Section 2.4,  if PGM undergoes AD prior to storage then, due to the lower level of VS in 533 
the resulting digestate, CH4 emissions, overall GHG emissions from storage will be reduced. 534 
In addition, the methane captured and utilized during AD, and the higher N availability in the 535 
digestate which increases its substitutability for chemical fertilizer, can further offset GHG 536 
emissions. This GHG emission reduction and mitigation is predicated on eliminating fugitive 537 
CH4 emissions during AD.  538 
3.1.2 Solid manure storage and AD 539 
AD may also be applied to solid manures via dry anaerobic digestion. Unlike the more 540 
common wet AD systems (which typically treat manures with TS content <15 %), dry AD 541 
systems can treat solid manures and the separated solid fraction of manures [88]. While such 542 
systems can mitigate GHG emissions, no comprehensive studies have yet been undertaken to 543 
examine the effects of dry AD on net GHG emissions from PGM. As the prevalence of 544 
solid/liquid separation and pig farming systems which generate solid manure is increasing, 545 
there is a need to evaluate this technology to determine its GHG emission mitigation potential.  546 
3.1.3 Solid manure storage and composting 547 
Unmanaged solid manure piles have the potential to generate higher GHG emissions than 548 
liquid manure stores. However, Section 2.5 illustrates that well managed, actively aerated 549 
composting can achieve major reductions in GHG emissions, compared with unmanaged 550 
storage. Similarly, compared with solid manure, composted manure generates lower GHG 551 
emissions when land applied. Therefore, composting is an effective PGM management 552 
technique for GHG mitigation in deep litter or feedlot farming systems.  553 
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3.2 Future research directions 554 
While the measurement of GHG emissions from individual manure management processes is 555 
relatively mature, this review has identified several areas which merit further attention. In 556 
particular: 557 
• The net effect of applying straw covering to liquid manure stores on GHG emissions 558 
remains unclear. Further research, potentially studies in varying climatic conditions, 559 
would help to determine the scope of this practise. 560 
• There is a lack of consensus on the net effect of storage and subsequent land 561 
application of the separated fractions of PGM on land on GHG emissions when 562 
compared to unseparated manures. As the manner in which such fractions are stored 563 
(e.g. actively managed composting of solid fraction) and land applied will greatly 564 
influence the net effect of separation on GHG emissions, broader studies assessing 565 
these factors would provide further insight. 566 
• The effect of dry anaerobic digestion of solid manures on net GHG emissions remains 567 
largely unstudied. As a batch process, there is greater potential for such a system to 568 
release fugitive CH4 emissions, however the dry, low carbon nature of the resulting 569 
digestate could potentially result in reduced GHG emissions from both storage and 570 
land application.  571 
In addition to these points, this review has identified several broader issues and areas which 572 
should be addressed in future. 573 
 574 
3.2.1 Standardising emission units 575 
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The variation in units used to report emissions from management techniques means often 576 
only qualitative comparisons can be made between techniques. For example CH4 emissions 577 
from manure storage is most commonly reported as kg m-3 year-1, but can also be reported as 578 
kg head-1 year-1 or g d-1 kg-1 animal mass, while land application emission rates are typically 579 
reported as losses expressed as % N or % C applied. Studies on composting, aerobic 580 
wastewater treatment and fugitive emissions from AD systems report emissions in a wide 581 
range of units. Standardisation of units would allow for insights to be made into the effects of 582 
changes to PGM management practices, and contextualise increases or decreases in GHG 583 
emissions reported from changes in management practises i.e. whether they have a major 584 
impact on a broader scale.  585 
 586 
3.2.2 Indirect NH3 emissions 587 
As an indirect GHG emission, accounting for the effects of NH3 emissions is crucial when 588 
assessing the GHG emissions from PGM management techniques. However, while studies 589 
typically do quantify changes in NH3 emissions due to specific treatments, few apply 590 
estimates of the emitted NH3 likely to be converted to N2O during transport and deposition, 591 
and, therefore, likely underestimate net GHG emissions [48, 55, 59]. The IPCC provides 592 
equations which quantify the rate of volatilization of NH3 from manure, under specific 593 
management conditions at specific ambient temperatures. Applying such equations, in lieu of 594 
more sophisticated NH3 deposition and conversion models, in future studies should improve 595 
the accuracy in estimating net GHG emission rates. 596 
 597 
3.2.3 Life cycle analysis 598 
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Work completed thus far has been targeted in its approach; comparing the GHG emissions of 599 
a baseline scenario (typically storage and land application) with a management system where 600 
an additional techniques is applied. While such studies provide valuable insight in relation to 601 
the effect of specific treatments, there is a need for more expansive studies which assess the 602 
effects of a range of management options (AD, separation, composting etc.) running in 603 
parallel and in sequence. Such studies would allow for more direct comparisons of the net 604 
effect of specific techniques on the GHG emissions, and would reveal synergistic or 605 
antagonistic effects of combining various techniques on GHG emissions.  606 
 607 
Life Cycle Assessment (LCA) is a useful tool to account for changes to entire management 608 
systems. Crucially, in addition to quantitatively assessing overall changes in direct emissions, 609 
it can account for the emissions associated with the construction and the operation of 610 
management techniques [102], an area which has not often been addressed in the literature 611 
thus far. LCA also provides a framework for quantifying the uncertainty associated with 612 
conclusions about net GHG emissions. Several of the studies which have undertaken an LCA 613 
approach to quantifying the effects of various PGM management techniques have focused on 614 
the use of intensive multi-step treatment trains [81, 102], where the LCA framework can 615 
provide a clear mechanism to quantify the effects of many feedbacks between upstream and 616 
downstream processes. Other authors have taken an LCA approach to assess the effects of 617 
changing various manure management practises on GHG emissions and other areas (such as 618 
land use, nutrient cycling etc.). These have been reviewed by McAuliffe et al. [103]. These 619 
studies further highlight the significant role LCA may play, in addition to broader empirical 620 
studies, when assessing changes to unit processes within management systems, and wholesale 621 
manure management system changes. The use of LCA methodology to assess the effects of 622 
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changes or additions of single unit processes (as opposed to large-scale multi-step treatment 623 
trains [81, 102]) would be a useful contribution to understanding the GHG mitigation 624 
potential of common manure management techniques.  625 
4 Conclusion 626 
This review provides an overview on GHG emissions and GHG emission mitigation potential 627 
of a range of common PGM management practices. This review also identified key research 628 
gaps in the literature including the effect of straw covering of liquid PGM stores, the effect of 629 
solid/liquid separation, and the effect of dry anaerobic digestion on net GHG emissions from 630 
PGM management. The future need to standardize units used to report GHG emissions, to 631 
account for indirect N2O emissions, and to include a broader research scope by conducting 632 
detailed life cycle assessment has also been highlighted. 633 
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Table 1 Table 1 Range of physical-chemical characteristics of liquid PGM reported by a 
range of studies and summarised by Xie [9] 
 
parameters range  
total solids (TS), % 0.78～9.95 
total volatile solids (VS), % 0.30～8.16 
total Kjeldahl nitrogen (TKN), mg L-1 1217～6698 
ammonium nitrogen ( NH4
+-N ),  mg L-1 540～3875 
chemical oxygen demand (COD),  mg L-1 7138～174300 
soluble COD,  mg L-1 1112～74700 
5-day biochemical oxygen demand (BOD5),  mg L
-1 702～23600 
total phosphorus (P),  mg L-1 352～2720 
total potassium (K),  mg L-1 790～3530 
pH 7.01～7.91 
Table 2 Review of farm-based studies on CH4 and N2O emissions from PGM during storage 
 
Note: Where possible units were converted to allow some cross study comparison. To do this 
the following assumptions were made; Global warming potential of 21 g CO2 eq g
-1CH4 and 
N2O 310 g CO2 eq g
-1N2O. < LOD- less than limit of detection. 
 
CH4 N2O units remarks location Duration reference  
573.3 - 
kg CO2 eq head
-1 
year-1 
solid PGM 
Denmark 1 year  Husted 
[25] 
186.9 - 
kg CO2 eq head
-1 
year-1 
liquid PGM 
Denmark 1 year Husted 
[25] 
0.6-9.3 - 
g CO2 eq day
-1 kg 
animal mass-1 
liquid PGM 
stored in 
uncovered 
concrete tanks 
Canada 3 years, 
spring to 
fall only 
Laguee 
et al. 
[26] 
140.7 1.1 
kg CO2 eq  head
-1 
year-1 
liquid PGM 
stored in cold 
climate 
Canada  2 years 
Park et 
al. [24] 
49.8-56.9 - g [C]  m-3 d-1 liquid PGM 
France 2 years Loyon et 
al. [27] 
53.4-50.4 - g [N]  m-3 d-1 
separated solid 
fraction of liquid 
PGM 
France 2 years 
Loyon et 
al. [27] 
6.3-13.4 
< 
LOD 
g CO2 eq  m
-3 day-1 
liquid PGM 
during  winter 
storage 
Denmark 58 days Petersen 
et al. 
[28] 
1084-1269 0.53 g CO2 eq  m
-3 day-1 
liquid PGM 
during  summer 
storage 
Denmark 45 days Petersen 
et al. 
[28] 
Table 3 Effect of covering liquid PGM with straw on CH4, N2O and NH3 emissions found in 
farm-based studies 
straw 
type 
CH4 N2O NH3 
net effect on 
GHG 
emissions 
location 
reference 
wheat 
9-29 % 
reduction 
0-99 % 
increase 
50-88 % 
reduction 
increase in 
summer only 
Denmark Petersen et 
al. [28] 
barley 
80 % 
reduction 
ns - 
reduction 
observed 
Canada Laguee et 
al. [26] 
not 
specified 
ns 
increase in 
warm periods 
- - 
Denmark Rodhe et 
al. [34] 
 
ns= no significant difference. 
 
Table 4 Experimentally derived N2O emission factors (EF) for liquid PGM  land application 
(amended, expanded and updated from Chadwick et al. [21]). 
N2O emission 
factor (% of N 
applied) 
indirect 
N2O 
emission 
factor 
(% of N 
applied) 
soil type 
application 
method 
duration 
studied 
(d) 
reference 
4.8 - clay soil incorporated 58 Bertora et al. [55] 
0.12-.44 - 
sandy 
loam 
surface applied 22 
Chadwick et al. 
[56] 
1.30 0.02a clay sand injection ns 
De Vries et al. 
[57] 
2b 
0.0175c 
(% of N 
lost) 
na na na 
Intergovernmental 
Panel on Climate 
Change [19] 
0.35-0.37 
0.06-
0.11a 
clay loam band spreading 28 Meade et al. [58] 
1.35 
0.46 
- 
silt clay 
loam 
band spread 
band spreading 
and harrowing 
15 Rodhe et al. [34] 
2.10 0.225a silt loam broadcast 90 
Sherlock et al. 
[47] 
1.45-3.65 - 
silt loam 
surface applied 
158 Sistani et al. [59] 
2.3-3.45 - injection 
0.06-1.5 - 
loamy 
sand 
trailing hose and 
broadcasting 
30 
Thomsen et al. 
[60] 
1.60 - loamy 
sand 
surface applied 
199 Vallejo et al. [61] 
2.95 - injected 
3.6 
0.9 
- 
- 
sandy soil 
injected 
surface applied 
1,035 
Velthof and 
Mosquera [62] 
7.30 
- 
- 
- 
- 
sandy soil 
incorporated 
93 Velthof et al. [63] 
4.90 surface applied 
6.90 
placed at 5cm 
depth 
3.40 
placed at 10cm 
depth 
0.27 
0.06-
0.01 
sandy 
loam 
trenching 
44 
Weslien et al. [64] 
0.38 
0.01-
0.002 
shallow injection  
0.31-0.45 
0.19-
0.04 
band spreading  
0.20 - - incorporated 68 Zhong et al. [48] 
3-4.5 - clay loam incorporated 99 Zhu et al. [65]  
a note the indirect N2O emission factor is based on using the IPCC emission factor for the 
conversion of NH3 emissions to indirect N2O emissions. 
b Tier 1 default emission factor 
EF3PRP,CPP. 
c combined emission factor for NH3 volatilization (EF3), and runoff/leaching 
(EF4). ns= no significant difference, na=not applicable.  
 
Table 5 Summary of the effects of solid/liquid separation on GHG emissions compared with 
untreated manure 
change relative to non-
separated manure 
CH4 emissions N2O emissions net GHG emissions 
solid fraction storage 
decrease [15, 
72]a 
increase [15, 72] a increase [15, 72] a 
liquid fraction storage 
decrease  [15, 
72] 
decrease [15, 72] a decrease [15, 72] a 
solid fraction land application - 
 slight decrease 
[55] a [60] b  
[72, 73] a [74] b 
liquid fraction land 
application 
- 
no difference 
found in lab 
study[55] b 
- 
net effect of solid/liquid 
separation 
decrease [75]b decrease [75] b decrease [75] b 
a lab scale. b field scale.  
 
 
 
Table 6 GHG mitigation potential of anaerobic digestion of liquid PGM via continuously 
stirred tank reactor (CSTR) biogas plants 
total kg 
CO2 eq t
-1  
PGM 
mitigated 
% GHG 
mitigated 
via biogas 
utilization 
(heat and 
electricity)  
% GHG 
mitigated 
via 
reduced 
chemical 
fertilizer 
use 
% GHG 
mitigated 
via lower 
emissions 
in storage 
and land 
application 
location reference 
87.7-
125.6 
40-60 28- 33 12-27 Finland 
Kaparaju and 
Rintala [78] 
20 100 -. - Desk-Based 
Prapaspongsa et 
al. [79] 
45.3 34.6 65.4 - Ireland 
Xie [9] 
 
68.3 
11 
(electricity 
only) 
14- 20 60-85 Australia 
Maraseni and 
Maroulis [80] 
16† - - - Desk-Based 
De Vries et al. 
[81] 
† this figure describes the net effect anaerobic mono-digestion has on PM management, not 
the contribution in terms of GHG mitigation potential AD provides.  
 
Table 7 CH4 and N2O emissions from selected PGM composting studies 
CH4 
emissions 
N2O 
emissions 
compost 
system 
units 
bulking 
agents 
duration scale  
0.002-
0.045 
0.044-
0.063 
forced 
aeration 
kg m-2 yr-1 
wheat 
straw 
21-24 
days 
farm 
scale 
Thompson 
et al. [90] 0.023-
0.033 
0.346-
0.65 
passive 
0.107-
0.164 
0.05-
0.098 
forced 
aeration 
kg m-2 yr-1 
saw 
dust 
  
Park et al. 
[91] 0.236 0.249 turn over 85 days 
farm 
scale 
1.09 0.359 passive   
0.6-385 1.9-71.9 
forced 
aerationa 
g m-3 - 40 days 
lab 
scale 
Osada et 
al. [92] 
0.77 1.39 
passive 
g pig-1 d-1 
saw 
dust 
ns 
farm 
scale 
Nicks et 
al. [93] 
1.58 0.36 g pig-1 d-1 
wheat 
straw 
aAeration rate varied   
